ABSTRACT This paper presents the realization of a lossy asymmetrical bandstop filter prototype on a microstrip planar structure using multiple Triplet sections. The realization of a single Triplet section on a microstrip structure is proposed and discussed. To prove the realizability, a third-order Generalized Chebyshev filtering function is used to obtain the asymmetrical response by placing zeros asymmetrically on the real frequency axis. With the multi-stage predistortion reflection mode technique, the lossy bandstop filter is synthesized as a network consisting of multiple Triplet sections of finite low Q resonators. The prototype is designed and fabricated on a microstrip, Rogers RT/Duroid 5880 substrate. There is very good agreement between simulated and measured results.
I. INTRODUCTION
Filters are one of the most important parts of communications systems. They can adapt to various topologies depending upon the requirements. Amongst all the types of filters, the bandstop filter is one of the least explored types. Bandstop filters have been used to suppress or remove unwanted signals (spurious or high power interferences) at the receiver side to avoid any possible radiation of signals into the main frequency spectrum [1] - [3] . Due to the recent evolution of both applications and hardware architectures of communications systems, the non-linearity of system devices has caused interferences that are in close proximity to or within the passband of the desired frequency spectra [4] - [6] . To overcome this, a high narrow-band rejection and low loss bandstop filter is required to remove these interferences. This can be achieved by using a high Q resonator (superconducting or dielectric resonator) which is relatively large in size and very costly.
In conventional filter design techniques, losses are not taken into account by assuming that the resonators are of high Q or lossless. However, losses in resonators are inevitable in practical realization. The losses in resonators cause a rounding of the passband and limit the stopband attenuation. These losses can be compensated by the predistortion technique which shifts the transmission poles closer to the imaginary axis to restore a sharp response and high stopband attenuation of a filter [7] . As a result, miniaturization and low cost of a bandpass filter can be achieved by utilizing finite low Q resonators. However, the realized predistortion filter suffers from a poor return loss which requires the use of an isolator in practice. To overcome this poor return loss, a predistortion reflection-mode technique based on the dissipative one-port network was introduced [8] , [9] . With this technique, a match between a circulator port and the input impedance of multiple Brune or Triplet subnetworks is required to obtain a perfectly reflective signal, which is converted to a bandstop transmission response. The methods provided in [10] - [12] were based on a nonuniform dissipation technique using mixed technologies to produce more selective filter transfer functions than the conventional predistorted filters. However, it is limited to a bandpass filter, which involves loss distribution, resistive cross coupling, and matrix rotation, which are quite challenging to implement in filter designs. Unlike the mentioned techniques, the absorptive notch filter based upon the perfect notch concept was reported in [13] . This technique introduced a first order lossy bandstop filter topology that absorbs rather than reflects stopband signals, which was proven to achieve infinite stopband attenuation but lacked sufficient stopband bandwidth to be useful in most practical applications.
The design of lossy asymmetrical bandstop filter presented in this paper is based on multiple cascading Triplet sections realized on microstrip technology. This paper proposes a new Triplet microstrip structure that allows flexibility in the tuning of each transmission zero (TZ) independently by adjusting the main line coupling (coupled line gap) of a pair of asymmetrical coupled lines and the width of the respective half-wave length resonator. Using the predistortion reflection-mode synthesis on an asymmetrical reflection function [14] , the multiple nonuniform Q Triplet sections can be extracted theoretically. An example of a 3 rd order lossy asymmetrical bandstop filter is given, which is then realized by using a circulator and cascading multiple microstrip Triplet sections with chip resistors. With this technique, a relatively small-sized, high narrow-band rejection, and low cost bandstop filter can be achieved and realized on microstrip technology. Fig. 1 depicts the ideal first order Triplet section consisting of one main line inverter and two identical inverters coupling to one resonator [14] . For each two-port Triplet section, one TZ can be removed from the overall positive-driving input impedance. As a result, there is no transmission from port 1 to port 2 which gives maximum reflection at that particular frequency. The proposed structure to realize the first order Triplet section is comprised of two asymmetrical parallel coupled lines of electrical length θ and characteristic impedances Z 1 and Z 2 , the interconnect stub between the two coupled lines to achieve a quarter-wave length stub, and another stub (Z 2 ) connecting both coupled lines to form an opencircuit half-wave length resonator. To achieve this physical realization, θ is chosen to fulfill the following conditions. For a quarter-wave in-line stub, 0 < θ < π 
II. PROPOSED TRIPLET SECTION STRUCTURE

A. THEORETICAL ANALYSIS
In even-mode excitation, a virtual open can be seen along the line of symmetry as shown in Fig. 2(b) . The even-mode equivalent circuit is further decomposed into two main parts as shown in Fig. 3 to simplify the impedance calculation. The chain matrix of the first part can be found using the modified nodal analysis (MNA). In order to compute the elements of the transfer matrix [T 1 ], the currents and voltages of the subnetwork are required. The relationship between admittance matrix, current matrix, and voltage matrix can be found by applying MNA to the five node two-port subnetwork [15] [ 
In order to form the matrix [A], the admittance matrices of each element in the subnetwork are required. The admittance matrix for the transmission line stub of impedance Z 2 is VOLUME 6, 2018 defined as
From [16] an asymmetrical coupled line in a homogeneous medium has its admittance matrix defined as in (7), as shown at the bottom of this page. i is here after referred to as the imaginary unit of the complex number which is the square root of −1. Ze and Zo are the even-and odd-mode impedance of the coupled line. K is the impedance ratio of the asymmetrical coupled line which is defined as
The resultant matrix [A] is obtained in (9), as shown at the bottom of this page. Matrix [X ] 7×1 is divided into two parts; the upper part represents the node voltage and the lower part represents the input and output currents of the two-port network.
[
The total of current in each node is equal to 0. The five node currents and two input and output voltages are used to form the upper and lower part of matrix [Z ] 7×1 , respectively.
By solving (3), the input and output currents can be found as a function of the voltages V 1 and V 2 . Based on the two-port cascaded network property, the transfer matrix elements of the subnetwork can be formed by [17] :
Since, the subnetwork is terminated with the open-circuited transmission line (ZLO), the even-mode input impedance can be derived as [1]
where ZLO is the open-circuited transmission line of impedance Z 1 and electrical length π 4 − θ. It is defined as:
by substituting (14) into (13) the even-mode impedance is obtained.
In odd-mode excitation, a virtual short can be seen along the line of symmetry as shown in Fig. 2(c) . The odd-mode equivalent circuit is decomposed into two main parts as shown in Fig. 4 . The transfer matrix of the first part can be calculated using MNA. This subnetwork is terminated by
[ the short-circuited transmission line ZLS, the odd-mode input impedance can be derived as
From (1), (2) and (3) the currents and voltages of the first subnetwork can be found in the same manner as in the evenmode analysis. In this mode, the subnetwork has four nodes, since the stub TL of impedance Z 2 is shorted to ground. Hence, the matrices of MNA are defined as (12) . Since the cascaded stub of impedance Z 1 and electrical length π 4 − θ is shorted to ground, the shortcircuited transmission line is defined as [17] 
From (13) and (19), the odd-mode impedance can be calculated.
Based on the even-and odd-mode input impedances, the transfer function of the proposed structure can be defined by [1] 
where Yodd = 1 Zodd is an odd-mode admittance and
is an even-mode admittance, of the structure. With the help of mathematical analysis tools such as Maple or MATLAB, the transfer function of the structure can be obtained. In order for the structure to resonate at any real frequency, S 21 is set equal to zero. By letting S 21 = 0, the coupled line impedance ratio K can be found as a function of Zo, Ze and θ
From (22), at an operation frequency f , the zero transmission (maximum reflection response) is determined by the even-and odd-mode impedances of the asymmetrical coupled transmission line with electrical length less than π 4 and the impedance of the resonator. The proposed structure provides an independent TZ adjustment in each respective subnetwork within the passband to realize one TZ by controlling the asymmetrical coupled line impedances and resonator impedance. At resonance maximum power is delivered to the load, which means the proposed structure has a very good return loss.
III. LOSSY ASYMMETRICAL BANDSTOP FILTER REALIZATION
Consider the 3 rd order Generalized Chebyshev filter network having passband ripple of 20 dB and asymmetrical three TZs Based on the lossless passive network condition, and using pole/zero factoring, the asymmetrical reflection function can be calculated as
where p = iω. With the predistortion reflection-mode technique [14] , the asymmetrical reflection function undergoes multi-stage predistortion. The loss in a resonator is related to the unloaded Q factor by [1] 
where f 0 and BW are the operation frequency and the bandwidth, respectively. α is the total loss in each resonator subnetwork. First, the reflection function is predistorted by the 1 st stage resonator loss factor α 1 = 0.04 based on the prescribed unloaded Q of 300, center frequency at 2.4 GHz, and bandwidth 200 MHz. To achieve a passive system, the predistorted function is multiplied by the passband constant loss of 0.596692 (−4.485 dB). At ω 1 = −1.151606 the function is totally reflective and the first Triplet section can be extracted. After the extraction the remaining impedance is of degree two. Applying the second stage of predistortion, α 2 = 0.605324, to the reflection function of the remaining impedance and multiplying by unity passband loss, the function is totally reflective at ω 2 = −1.724526. With this zero, a second Triple section can be extracted. The third stage of predistortion is applied once again to the reflection function of degree one. The function undergoes a third stage predistortion by the resonator loss factor α 3 = 0.092181. The last TZ is ω 3 = 1.109594. The remaining admittance after extracting the third Triplet section is Y = 417.7927 S. Table 1 summarizes the element values of the three Triplet sections. J 1 and J 2 are the admittance inverters in each subsection, and b and α are the susceptance and admittance in each section, respectively. Having synthesized the predistortion one port network, losses are added back into each respective Triplet subnetwork by the following transformation With these losses present, the resonator Q factor in each resonator can be calculated from (25). The calculated Q factor for each stage is 300, 18.6, and 17.95. Eventually the bandpass frequency transformation and impedance scaling are applied to the lossy one-port network. With the use of a circulator, the lossy asymmetrical bandstop filter network is realized. Fig. 5 shows the n th order lossy bandstop filter based on multiple Triplet sections. At resonance all power incidents at port 1 will be absorbed into the resistive part of the resonator (very good reflection at port 2). As a result, the transmission characteristic from port 1 to port 3 is that of a bandstop response with infinite Q factor at its resonant frequency. Fig. 6 shows the ideal simulation response of the 3 rd order bandstop filter for center frequency 2.4 GHz and bandwidth 200 MHz.
In the synthesized one port-network, the first Triplet resonator has the highest Q factor (Q = 300) which is realizable using a microstrip structure due to the low-Q of microstrip resonator. The highest Q resonator has the lowest loss which defines the selectivity of the overall response. To prove the realizability of the Triplet section using the proposed structure on a microstrip, the design parameters in Fig. 2(a) are summarized as the followings: 1) In a microstrip design, the asymmetrical coupled line with impedances Z 1 and Z 2 , can be realized as two transmission lines of non-identical widths, W 1 and W 2; the lengths are less than λ 8 where λ is one full wave length at the operating frequency of the structure.
2) The even-and odd-mode impedances, Ze and Zo, can be achieved by the coupling gap between the two lines. 3) For the substructure to resonate, the 180 0 (half-wave length) transmission line of width W 2 is chosen to achieve adequate coupling between the resonator and the main line. 4) The loss in each resonator is introduced by conductor loss and a chip resistor placed at λ 2 where virtual ground exists. Consider the first Triplet section realization as shown in Fig. 7 . It is designed to operate at a frequency of 2.4 GHz on a microstrip (Rogers RT/Duroid 5880) substrate with a thickness of 787 µm, relative dielectric constant of 2.2, and loss tangent of 0.0009. The dimensions of the subnetwork are W 1 = 2958 µm, W 2 = 1292.5 µm, S = 610.5 µm, L1 = 11760 µm, L2 = 11561 µm, and L12 = 5690 µm. Performing a two-port simulation in Advanced System Design (ADS), it can be seen that the structure produces asymmetrical responses with one reflection zero at frequency near the band edge and a very high reflection within the passband. Fig. 8 illustrates the effect of the coupling gap on the location of reflection zero and in-band return loss. Since the widths of the lines are constant, the impedance ratio K is also constant. The smaller the gap, the stronger the coupling; hence, the bigger the coupling impedances, Ze or Zo. From (22), Ze 2 Zo 2 (Ze + Z 0) 2 , to achieve a constant impedance ratio (sinθ −1) 2 needs to become smaller, which means sinθ becoming bigger. The electrical length expression can be defined as
The frequency expression can be derived as:
Equation (28) shows that the frequency is proportional to the electrical length θ. It can be concluded that the proposed microstrip structure is reflective at a single frequency within the defined bandwidth. The shift of its frequency location within this bandgap depends on the coupled line gap. It shifts to a higher frequency if the gap gets bigger as shown in Fig. 8 . The second parameter that affects the reflection response is the width of the resonator, W 2. From (22) the impedance ratio can be written as
where
The bigger the width of conductor, the smaller the coupling impedances Ze and Zo. Equation (29) shows that when the line width W 2 gets bigger (Z 2 gets smaller), the ratio in (30) also gets smaller, requiring sin 4 θ to have smaller value. As a result, from (28) the frequency is shifted to the lower value and vice versa if the coupling gap of the coupled line is constant. From (28) and (29), the width of the resonator has an impact on the frequency location where the structure has maximum reflection response. Fig. 9 illustrates the changes of the reflection response as a function of changes in the width of the resonator line. Due to the characteristics of the proposed structure, three individual Triplet structures were used to create the lossy VOLUME 6, 2018 asymmetrical bandstop filter where microstrip prototype is shown in Fig. 10 . The chip resistors are used to achieve required Q factors in each resonator. The stage chip resistor values are 0.01 , 2.15 , and 4.99 and the terminated chip resistor is 330 . The surface mount circulator (UIYSC25A825T885) from UIY Technology has an operating frequency from 2300 MHz to 2500 MHz with 0.3 dB loss, VSWR of 1.2, and 23 dB isolation. The simulated and measured transmission responses are depicted in Fig. 11 . There is good agreement between both results for rejection level and passband loss. The asymmetrical bandstop filter prototype has the rejection level of 24 dB and passband loss of 7.5 dB. With the circulator, the lossy one-port network is coupled and matched to the circulator port 2. Thus, at resonance, all power incidents at port 1 is absorbed by the resistive part of the resonator. As a result, the transmission characteristic from port 1 to port 3 is that of a bandstop resonator with high unloaded Q factor. Since the circulator port 2 is matched, the reflection response of the network at port 1 is at minimum. The difference in lower frequency is due to the fabrication tolerance and effects of tuning elements which caused the gap, width, and length of the lines to deviate slightly. In addition, this frequency discrepancy may be contributed to by the limitation of the circulator operation. To the authors' knowledge, a realization of this filter on microstrip has not been previously reported.
IV. CONCLUSION
This paper has presented Triplet section realization on a microstrip structure by using two asymmetrical coupled lines, which are coupled to the open-circuit half-wave resonator. The proposed microstrip structure has been mathematically analyzed using MNA. The two main factors that affect the location of the TZ frequency are the coupled line gap and the resonator width. In addition, the network is maximally reflective in the prescribed bandwidth, making it suitable to realize the lossy asymmetrical bandstop filter based on predistortion reflection-mode technique. To demonstrate circuit operation, a 3 rd order Generalized Chebyshev filtering reflection function has been predistorted and synthesized. Three proposed structures were cascaded in series, with one circulator to achieve an asymmetrical bandstop filter response with passband loss of 7.5 dB and rejection band of greater than 24 dB. With this technique, the measured response of the filter with low Q resonators is almost the same as that of a conventional filter with high Q resonators; hence, lower cost and size reduction are achieved. This technique can be applied to realize multi-band bandstop filters with better loss performance by using mixed technologies with nonuniform Q distribution in the future.
